The neurons and glial cells of 1-to 140-day-old pigs with GM2-gangliosidosis had membranous cytoplasmic inclusion bodies. These bodies appeared as small vacuolated cytoplasmic structures in paraffin-embedded, hematoxylin and eosin-stained sections and as solid, dark, round granules in I-micrometer sections embedded in plastic and stained with toluidine blue. Ultrastructurally, the cytoplasmic inclusion bodies appeared as round, dense structures from 0.6 to 1.2 micrometers in diameter, that were filled with various amounts of small to large arrays of membranous lamellae. The cortical neuronal inclusions were seen initially as Iysosomes containing a small amount of particulate material. The appearance of these inclusionschanged as they progressedthrough different configurational stages.Inclusions resembled the granulomembranous body, the zebra body, possibly other intermediate forms and, finally, the classical membranous cytoplasmic body. The cytoplasmic inclusions in glial cells resembled membranovesicular bodies and, although also of apparent lysosomal origin, were morphologically different from the neuronal inclusions. The morphologic lesions in the neurons and glial cells of the affected pigs were similar to those described for human gangliosidoses.
cytoplasmic bodies, with an internal structure composed primarily of concentricallỹ rranged membranous lamellae [5, 6, 13, 21] . The internal structure of the glial mclusions is often pleomorphic and lacks the organized lamellar pattern of the membranous cytoplasmic body [5, 6, 21] .
Although there has been controversy about the organelle of origin and the morphogenesis of the membranous cytoplasmic body in GMs-gangliosidosis, there now is general agreement that the membranous cytoplasmic body develops in the lysosome [9, 13, 22, 23] . Because morphologic data obtained thus far have been primarily from aborted fetal tissues [1, 3] or from tissues of moribund affected individuals [5, 6, 13, 14, 20, 21] , the amount of information available on the morphology of the intermediate stages of the development of the membranous cytoplasmic body is limited.
Materials and Methods
Eight affected and eight control pigs were identified and selected on the basis of the Nacetyl-,B-D-hexosaminidase activity in their serum [8] . One affected and one control pig each were killed when they were I, 2, 8, 18, 50, 69, 87 or 140 days old. A standardized necropsy procedure was followed for each pig. Representative samples of tissues were preserved in neutral buffered 10% formalin and in 6.25% glutaraldehyde [12] .
Samples of the formalin-fixed tissues were prepared in a standard manner for light microscopic examination. Sections of paraffin-embedded tissue were cut 4 to 6 micrometers thick and stained with hematoxylin and eosin (HE) [II] . Tissue samples fixed in glutaraldehyde were dehydrated in graded ethyl alcohols, carried through propylene oxide, and embedded in araldite [10] . Sections cut about I micrometer thick and stained with toluidine blue [II] were screened by light microscopy to select blocks from which ultrathin sections would be cut. Ultrathin sections were cut, mounted on copper grids, stained with uranyl acetate [15] in 25% methanol and lead citrate [17] .
Results

Light microscopy
Lesions characteristic of GM 2-gangliosidosis were evident in sections of brain from newborn affected pigs. In paraffin-embedded sections stained with HE, the neuronal cytoplasm was vacuolated. The round vacuoles were of uniform size and occupied most of the cytoplasm, displacing the other cellular constituents peripherally. These vacuoles appeared as solid, dark, round granules or globules (lipid bodies) in the 1micrometer sections. The lipid bodies consistently were in the neurons of both the central nervous system and peripheral nervous system of affected pigs and were in the axons, dendrites and cell bodies of the affected neurons. Although the number of lipid,bodies in the neurons of each pig varied, the lipid bodies were more numerous in neurons from older pigs ( fig. 1,2 ). Lipid bodies were not seen in either normal or carrier pigs.
The cytoplasm of glial cells was often engorged with lipid bodies. Glial cells in the older affected pigs were more consistently involved than those in affected newborn pigs. More of the affected glial cells were found in the cerebral cortex than in other areas of the central nervous system. 
Electron microscopy
The cytoplasm of cerebral cortical neurons of affected newborn pigs contained several to many lipid bodies that were randomly distributed in most cells, but were concentrated in the perinuclear cytoplasm in a few neurons. In the very young affected pigs, the lipid bodies were spherical, membrane-bound structures partially to completely filled with membranes having a laminated pattern. The membranous laminations were in a transverse plane to the limiting membrane and occupied only part of many of the inclusions, with the remainder of the inclusion body being filled with a homogenous, finely granular material ( fig. 3 , 4b, c). These partially laminated inclusion bodies were referred to as granulomembranous bodies; the inclusions that were completely filled with transversely laminated membranes ( fig. 3 , 4d) were called zebra bodies. Most of the granulomembranous bodies and zebra bodies were 0.6 micrometers or less in diameter; a few were up to 0.9 micrometers in diameter. The limiting membrane around these cytoplasmic inclusions was a single unit membrane.
In some cortical neurons of young affected pigs, the laminations within the inclusion bodies were parallel to the limiting membrane. These cytoplasmic inclusion bodies were referred to as membranous cytoplasmic bodies. Other cytoplasmic inclusions (intermediate forms), having characteristics of both zebra bodies and membranous cytoplasmic bodies, contained multiple arrays of membranous lami- The completely organized membranous cytoplasmic body, seen primarily in older, affected pigs (fig. 4f, 5), was filled with a concentric array of spirally laminated membranes. The periodicity of the membranes was 55 to 60X 10-7 millimeters, with the clear line being about 25x 10-7 millimeters wide and the dense line about 30x 10-7 millimeters wide. The membranous spirals were formed by fusion of several layers of a membrane that was indistinguishable from the limiting membrane enclosing the membranous cytoplasmic bodies.
The affected neurons contained normal-appearing lysosomes ( fig. 3, 4a ), some of Which were no larger than 0.3 micrometers indiameter, while others were about the size of the membranous inclusions. The lysosomes in the affected neurons were of similar size and appearance as the lysosomes in the cortical neurons from control pigs. A single unit membrane enclosed these cytoplasmic organelles that internally were composed of a finely granular matrix identical in appearance to that found in the granular areas within the granulomembranous bodies.
Affected Individual membranous cytoplasmic bodies in older pigs, however, usually were no larger than the granulomembranous bodies and zebra bodies in the newborn pigs. Most of the cytoplasmic bodies were 0.8 micrometer or less in diameter; a few were 0.9 to 1.0 micrometer in diameter. Because of their size, the large motor neurons in the spinal cord contained more cytoplasmic inclusions, many of which were 1.0 micrometer in diameter.
Neuronal processes from the brain, spinal cord and peripheral nerves also contained membranous inclusions. The inclusions were mostly membranous cytoplasmic bodies and were found most often in the spinal cord of older affected pigs.
Cytoplasmic inclusions, mostly membranovesicular bodies, were in the glial cells of affected pigs of all ages. The membranovesicular bodies occupied most of the cytoplasm of affected glial cells and had displaced the nucleus peripherally, even in neWborn pigs ( fig. 6 ). The internal structure ofthe membranovesicular bodies varied within individual glial cells but did not follow an age-related pattern of change. Many of the membranovesicular bodies contained one or more small, spherical arrays of laminated membranes that either looked solid or vesicular, whereas others Contained randomly arranged, small linear arrays of laminated membranes ( fig. 7) . The remainder of the membranovesicular body was comprised of a finely granular matrix similar to that found in lysosomes of neurons or glial cells ( fig. 6 ).
There was some variation in the size of membranovesicular bodies in individual glial cells of newborn pigs. All of the larger membranovesicular bodies were bounded by a single unit membrane, but some of the smaller ones did not have an apparent limiting membrane and appeared to be suspended within the cytoplasm of the glial cell. The number and size of the membranovesicular bodies within glial cells increased as the pigs aged, but this was not as obvious as the numerical increase in zebra bodies and membranous cytoplasmic bodies in the cortical neurons. Most inembranovesicular bodies were from 0.7 to 1.2 micrometers in diameter, but a few were as large as 3.0 micrometers in diameter in older affected pigs. No evidence of Waller ian degeneration, demyelination or amyelination was found in either the central or peripheral nervous system. Neither the oligodendroglia nor Schwann cells contained cytoplasmic inclusion bodies. The extraneural tissues were only slightly involved. Cytoplasmic inclusion bodies were within some reticuloendothelial cells, lymphocytes, neutrophils and endothelial cells. 
Discussion
Light and electron microscopic lesions typical of GMz-gangliosidosis occurred mainly in neurons, microglia and astrocytes, with limited involvement of extraneural tissues in affected swine. This distribution of lesions is a consistent feature of G M 2gangliosidoses in man, except for the visceral histiocytosis in type 0 [14] . Demyelination and cortical microgliosis, which are prominent features of types Band 0 but not type AB GMs-gangliosidosis of man [14] , were not present.
There was an association between age of affected pigs and the relative frequency distribution ofdifferent forms of cytoplasmic inclusion bodies. The normal-appearing neuronal lysosomes, granulomembranous bodies [4] and zebra bodies [4] were of similar size (0.6 to 0.7 micrometer in diameter) and, along with a few intermediate forms, comprised most of the cytoplasmic inclusions in the newborn pigs. Some zebra bodies and intermediate forms were seen in the older affected pigs, but the membra- nous cytoplasmic body [21] was the primary form of inclusion body in the neuronal cytoplasm of affected pigs over 50 days old. The morphology and number of inclusion bodies within neurons changed considerably as the affected pigs grew older; there was less increase in the average size of cytoplasmic bodies.
The variation in the internal structure of neuronal cytoplasmic inclusions was believed to reflect various stages in the progressive conversion of the normal lysosome to the membranous cytoplasmic body. The accumulation of G M2-ganglioside within neuronal lysosomes presumably is a result of deficiency of one of the enzymes, Nacetyl-,8-D-hexosaminidase, in the catabolic pathway for gangliosides [8] . The excess of GM 2-ganglioside thus created apparently becomes aligned, possibly in combination with other lipids and proteins, into a membranous configuration. During the early stages of development of the lesion in a lysosome, predominantly straight membranous lamellae (granulomembranous bodies and zebra bodies) were seen; but, as these straight lamellae lengthened, they became more curved until they were completely spiral. The intermediate forms with characteristics of both zebra bodies and membranous cytoplasmic bodies probably represent active developmental stages intermediate between the zebra bodies and membranous cytoplasmic bodies. It is possible, however, that because of their highly variable morphology and the lack of regularity with which these intermediate forms were seen, they represent incompletely developed membranous cytoplasmic bodies within inactive telolysosomes.
A similar morphogenetic sequence of neuronal cytoplasmic inclusion development probably occurs in G Ms-gangliosidosis of man because the morphology of cytoplasmic inclusions does vary according to the stage of the disease. Neuronal inclusion bodies containing either a small amount of particulate material or randomly oriented membranous lamellae were seen in fetuses with type B GM 2-gangliosidosis [1, 3] . In older moribund patients with GM 2-gangliosidosis, most of the cytoplasmic inclusions were membranous cytoplasmic bodies, with only a few zebra bodies and intermediate forms [5, 6, 13, 14, 20, 21] . The implication of the lysosome as the origin of these membranous inclusions [9, 13, 22, 23] has been supported by results of in vitro studies [18] that showed the capability of neuronal lysosomes to convert and align excess lipid materials into membranous lamellae.
Cytoplasmic inclusion bodies in the glial cells were morphologically different from those in the neurons. The membranovesicular (or multivesicular) bodies [7, 9] in the cytoplasm of glial cells did vary in structure, but this variation was not age-related, and there was no progressive increase in the size of individual membranous arrays. The membranovesicular bodies appeared to arise from lysosomes and resembled normallysosomes except for the randomly oriented membranous material contained within them. In older affected pigs the number of membranovesicular bodies per glial cell was much higher, some of the membranovesicular bodies were much larger, and there were fewer normal-appearing lysosomes. Glial cells with inclusions resembling membranovesicular bodies also have been seen in cases of G'Mz-gangliosidosis of man [5, 6, 21] and GM1-gangliosidosis [19] , and the glial inclusions seen in several lysosomal storage diseases were reported to originate from lysosomes [4, 24] .
Opinions differ about the significance of the variation in morphology of membranous inclusions within neurons and glial cells in lysosomal storage diseases. The neuronal lesion generally is considered to be the result of an enzyme deficiency and subsequent accumulation of gangliosides within the neuronal lysosome, but the mechanism responsible for the formation of membranous inclusions within glial cells is still discussed. Glial inclusions may result from the degradation by gliallysosomes of phagocytized exogenous materials, including neuronal inclusions, that have been released by reverse pinocytosis or after death of affected neurons [4, 21] . Neuronal cytoplasmic membranous bodies, however, have not been seen extracellularly; intact membranous bodies of neuronal origin (zebra bodies and membranous cytoplasmic bodies) have not been seen within glial cells; only evidence of progressive accumulation, but not of degradation of the membranous material has been found in the glial cells. Also, in vitro studies [18] have shown that glial cell lysosomes have the potential to convert and align excess lipid materials into membranous lamella. We agree with the conclusion [1, 2] that the membranovesicular body of glial cells also are manifestations of an intrinsic deficiency of N-acetyl-,8-D-hexosaminidase and not the result of phagocytosis of abnormal materials. This seems to be appropriate in porcine GMs-gangliosidosis as well.
